Abstract Age is the single greatest risk factor for many diseases, including oral diseases. Despite this, a majority of preclinical oral health research has not adequately considered the importance of aging in research aimed at the mechanistic understanding of oral disease. Here, we have attempted to provide insights from animal studies in the geroscience field and apply them in the context of oral health research. In particular, we discuss the relationship between the biology of aging and mechanisms of oral disease. We also present a framework for defining and utilizing age-appropriate rodents and present experimental design considerations, such as the number of age-points used and the importance of genetic background. While focused primarily on rodent models, alternative animal models that may be particularly useful for studies of oral health during aging, such as companion dogs and marmoset monkeys, are also discussed. We hope that such information will aid in the design of future preclinical studies of geriatric dental health, thus allowing more reliability for translation of such studies to age-associated oral disease in people.
Introduction
The population in the USA and other developed nations is rapidly aging (Lutz et al., 2008) with recent demographic trends suggesting that the fraction of Americans age 65 and older will double by 2060 (Ortman et al., 2014) . One consequence of this Bsilver tsunami^is a dramatic increase in the prevalence of the many diseases for which age is the greatest risk factor (Perry, 2010) . Included among these are all of the major causes of mortality in developed nations, including cardiovascular disease, most cancers, kidney disease, and dementias (Pitt & Kaeberlein, 2015; Kaeberlein, 2013) .
The field of geroscience seeks to understand the biological mechanisms that underlie this relationship between aging and chronic disability and disease (Sierra & Kohanski, 2017; Kennedy & , S .L. Berger, A. Brunet, J. Campisi, A.M. Cuervo, E.S. Epel, C. Franceschi, G.J. Lithgow, R.I. Morimoto, J.E. Pessin, T.A. Rando, A. Richardson, E.E. Schadt, T. Wyss-Coray, F. Sierra, 2014) . Several Hallmarks of Aging have been identified which represent conserved molecular processes and pathways that contribute to age-related cellular, tissue, and organismal declines in function (Lopez-Otin et al., 2013) . Interventions targeting these hallmarks of aging have been developed and found to increase lifespan and reduce age-related diseases in laboratory models . For example, the drug rapamycin is a specific inhibitor of the mTOR complex 1 that increases lifespan and delays age-related functional declines in evolutionarily diverse laboratory organisms including yeast, nematodes, fruit flies, and mice (Johnson et al., 2015; Johnson et al., 2013) . Initial evidence indicates that rapamycin can also delay at least some aspects of aging in clinical studies, including restoration of cardiac function in healthy middle-aged companion dogs (Urfer et al., 2017a) and immune function in healthy elderly people (Mannick et al., 2014) . These observations have contributed to growing optimism that advances in geroscience research can be harnessed to delay the onset and progression of multiple age-associated diseases and improve healthspan outside of a laboratory setting (Kaeberlein, 2017) .
In contrast to major killers such as heart disease and cancer, the relationship between biological aging and oral health has received less attention among the broader biomedical and geroscience research communities. We believe that this relationship could be particularly important for both healthspan and lifespan, as age is the major risk factor for several oral health conditions ( (Guiglia et al., 2010) , (Razak et al., 2014) ), including oral cancer (Gil-Montoya et al., 2015a) , xerostomia (dry mouth) (Navazesh, 2002) , and periodontal disease. These chronic conditions can significantly detract from quality of life for the elderly and have been linked to increased risk for a variety of co-morbidities. A lack of studies in pre-clinical animal models that take into account the impact of aging may contribute to our limited understanding of the relationships between the hallmarks of aging and oral biology. We propose that development and appropriate utilization of animal models for oral geroscience research will allow for a better understanding of mechanisms leading to oral disease and may facilitate development of interventions to improve oral health in the elderly.
Aging and diseases of the oral cavity
Aging is associated with several pathological changes that likely contribute to declining oral health. These include increased systemic and local inflammation (Binflammaging^), immune decline and senescence, stem cell dysfunction, bone loss, and dysregulation of the microbiome (Lopez-Otin et al., 2013; De Martinis et al., 2005; Gruver et al., 2007; Yatsunenko & , F.E. Rey Gordon, 2012) . The risk for several common oral conditions such as xerostomia and periodontal disease increase dramatically with age and can have a major impact on quality of life for the elderly. Xerostomia, or dry mouth, for example affects over 30% of patients older than 65. This condition is primarily related to medications but also from other comorbid agerelated conditions such as Parkinson's disease, Alzheimer's disease, and diabetes (Yellowitz & Schneiderman, 2014; Levy, 2007) . Dry mouth can lead to root surface cavities, cracked lips, and fissured tongue. Patients with salivary hypofunction experience taste disturbance and have difficulty masticating and swallowing, as saliva is necessary to prepare food for digestion (GilMontoya et al., 2015b) . Saliva is also important for oropharyngeal health, as it aids in function and preservation of the oral and gastrointestinal environment.
Periodontal disease is a major age-associated oral health concern in the elderly, resulting in alveolar bone loss and tissue degradation (Eke et al., 2012) . Indeed, recent estimates suggest that approximately 70% of people in the USA have clinical periodontal disease by the time they reach age 65 (Fig. 1) . Some of these patients will end up losing their teeth and will ultimately be fitted for a dental prosthesis. Along with periodontal disease, the lack of saliva will also affect the dental prosthesis, contributing to denture sores and compromised retention of the prosthesis.
From an economic standpoint, treatment of oral disease is costly, as it is the fourth most expensive disease in most industrialized countries, with periodontitis alone estimated to account for more than 50 billion dollars per year in lost productivity in the USA (Tonetti et al., 2017) . Importantly, oral disease is strongly associated with several age-associated co-morbidities, which account for up to 75% of healthcare spending altogether (Petersen et al., 2005) . For example, people with periodontal disease are at higher risk of developing other age-related conditions such as heart disease, diabetes, and Alzheimer's disease (Razak et al., 2014; GilMontoya et al., 2015b; Kim & Amar, 2006) . Whether this relationship is causal or not remains unclear; however, what is clear is that these diseases share a single greatest risk factor: old age (Kaeberlein, 2013) .
The geroscience community has defined and categorized cellular and molecular hallmarks of aging (LopezOtin et al., 2013) . These include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication. These aging hallmarks can also be linked to oral health (Fig. 2) . Common oral conditions with age include periodontal disease, oral cancer, candidiasis, and xerostomia, which can lead to other dental conditions like root caries (Gil-Montoya et al., 2015a; Gonsalves et al., 2008) . For example, oral cancer alone can be attributed to multiple hallmarks of aging including genomic instability (Bhattacharya & (Sumida & Hamakawa, 2001) . Candida species are present in the normal oral flora, but conditions such as immunodeficiencies, malnutrition, or xerostomia, can lead to risk in overgrowth in the elderly leading to infection (Flevari et al., 2013) .
Current research on periodontitis is largely limited to clinical studies seeking to characterize changes in the oral cavity during disease and to preclinical studies using animal models. One limitation of most such preclinical studies is that they almost exclusively utilize artificial disease models in young rodents, thereby losing the contribution of the aged systemic and local environment. We suggest that the failure to utilize aged animals for preclinical studies of oral disease limits the clinical relevance of such studies. One goal of the Geroscience Initiative is to raise awareness of the importance of understanding the contribution of aging biology to age-related diseases (Sierra & Kohanski, 2017 Sumida & Hamakawa, 2001; Thevaranjan et al., 2017; Barrera et al., 2016; Khan et al., 2010; Yin & Chung, 2011; Parkinson et al., 2016; Lindroth & Park, 2013; Paul et al., 2015; Ballestar, 2011) R.I. Morimoto, J.E. Pessin, T.A. Rando, A. Richardson, E.E. Schadt, T. Wyss-Coray, F. Sierra, 2014) . In this context, oral health research could potentially benefit from a greater consideration of the importance of aging biology to oral disease.
Use of animal models
Animal models have proven useful for the investigation of a variety of mechanisms underlying oral diseases. Although there is no single model species that recapitulates all aspects of human oral structure and function, studies using non-human primates, dogs, and rodents have provided important insights into mechanisms impacting oral health. A discussion on non-human primates and dogs will occur in later sections, but first, we will focus on rodent models, where a majority of preclinical oral research has occurred. The periodontal anatomy of rodent molars is similar to humans, and for this reason, mice, in particular, have been proven useful for investigating a variety of mechanisms underlying oral diseases (Struillou et al., 2010; Yamasaki et al., 1979) . For instance, relationships between immune function, microbial changes within the oral cavity, and inflammation have been established through studies performed in rodent models (Struillou et al., 2010; Oz & Puleo, 2011a; Graves et al., 2008; Polak et al., 2009 ). In contrast, one way that rodents differ substantially from humans is that their incisors lack a root structure and grow continuously throughout life, with only the front of the incisors having enamel. It is therefore important to keep in mind these anatomical differences and similarities when considering which aspects of oral anatomy and health can be appropriately modeled in rodents.
Common techniques used in rodent models of oral disease include placement of ligatures in the gingival sulcus, oral gavage with periodontal pathogens, and dextran sulfate sodium treatment (DSS) to induce innate immune damage to the gastrointestinal tissues which can result in oral mucosal inflammation and alveolar bone loss (Oz & Puleo, 2011b) . For example, oral infection with Porphyromonas gingivalis and Fusobacterium nucleatum in a 4-week old rodent model revealed more severe alveolar bone loss and inflammatory response when both bacteria were combined (Li & , H. Yang, Y. Ding, R. Aprecio, W. Zhang, Q. Wang, Y. Li, 2013) . To model inflammatory bowel disease and periodontal disease progression in patients, 11-12 week old BALB/c mice were treated with oral delivery of DSS, which induced IBD including diarrhea, anemia, dilation of the stomach wall, dysregulated hepatic concentration, and severe alveolar bone loss (Oz et al., 2010) . The ligature model allows biofilm accumulation, disrupts the gingival epithelium, and enhances bone loss. For example, a recent study utilizing this method revealed that P. gingivalis exacerbates RANKLdependent alveolar bone resorption via TLR2/TLR4 signaling in 8-10-week-old mice (Lin et al., 2014) .
It must be noted, however, that many of these studies reflect the biology of disease modeled in young adult or still-developing, juvenile mice that may not reflect the biology of naturally developing human oral disease, which most often occurs in an aged individual who may already be experiencing declines in immune function and other physiological systems. Despite many important discoveries, we speculate that progress in understanding the mechanisms of age-associated periodontal disease have been hampered by a lack of appropriately designed preclinical research on oral health in the context of biological aging. We note that there are currently no guidelines or consensus on the appropriate animal models or age of animals used in such studies. Development of such guidelines is essential to assure that conclusions drawn represent relevant biological mechanisms. To move the geriatric dental health field forward, it is important to understand how to properly utilize rodent models to study aging. Here, we describe several considerations based on knowledge in the field of geroscience that we hope will aid in design and execution of preclinical studies of geriatric dental health in rodent models.
Defining an Bold^mouse It is our observation that many studies utilizing rodents within the oral health research field are consistently defining Baged^and Bold^incorrectly. The National Institute on Aging (NIA) and The Mouse in Biomedical Research suggest that Bold^are mice 18-24 months of age, middle-age is 10-14 months, and young age is 3-6 months. The median lifespan for C57BL/6JNia mice, for example, is approximately 25 months for females and 27 months for males. In order to model human geriatric dental health in mice, the animals used for these studies should be roughly similar in biological age to older people (Fig. 3) . For instance, a 3-month-old young mouse may be roughly equivalent to 20-year-old human, while an 18-monthold mouse will be approximately equivalent to a 56-60-year-old human. If the goal is to understand mechanisms of oral disease that are particularly important in the elderly, even older mice (perhaps up to 30 months of age) should be used; however, it is important to consider the differences between pathological changes due to disease progression versus changes associated with normative aging, particularly when utilizing animals at advanced ages. Thus, we suggest that mice at least 18 months of age, and preferably 20-24 months of age, are appropriate for most rodent studies of agerelated oral health.
It is important to not only utilize mice that are biologically old in oral health research but to also use correct terminology to avoid confusion and misinterpretation by other researchers. As an example, one recent study reported an increase in Th17 cells in the mouse gingiva, which was determined not to be dependent on commensal bacteria colonization, by comparing 8-week (1-2 month)-old mice to 24-week (5-6 month)-old mice (Dutzan et al., 2017) . Throughout the report, the 1-2-month-old mice are referred to as Byoung,^while the 5-6-month-old mice are referred to as Bmiddle-aged,B old,^and Baged,^none of which are biologically accurate terms. It is also important to note that 1-2-month-old mice are still developing and experiencing rapid body weight gain (perhaps akin to teenagers) while, as shown in Fig. 3 , 5-6-month-old mice are roughly the biological equivalent of a 25-30-year-old person. Thus, one potential explanation for the lack of changes observed in the commensal oral bacteria in this study is that the oldest age group studied was really only young adult.
In this regard, it will be of particular interest going forward to determine how the oral microbiome changes in laboratory mice in response to normal aging and interventions that modulate aging rate. Based on published studies of the changes in the gut microbiome during aging in rodents (Flemer et al., 2017; Bitto et al., 2016; Thevaranjan et al., 2017; Langille et al., 2014) , we anticipate that large changes in the oral microbiome will also occur in aging mice, but it will require sampling from biologically old animals to detect these important changes. Indeed, a comparative analysis of the oral and gut microbiota as a function of age could be particularly informative. As changes in the oral microbiome can influence the gut microbiome, both microbial populations will likely be affected by agerelated changes in immunity and inflammation.
Analysis of multiple age groups is optimal It is also common to see preclinical dental research studies where conclusions are drawn after comparing only two age groups, which authors report as Byoung^and Bold.^It has become recognized within the geroscience community, however, that multiple age-points are highly preferable to a simple pairwise comparison of Byoungv ersus Bold.^Utilizing multiple age points is important because not all age-related physiological changes or disease states occur with identical kinetics or in a linear fashion. For example, some age-associated molecular changes or declines in function can be detected relatively early in middle-age, while others may not be present in a large percentage of the population until very late in life. A good example of a three age-point design is provided by the series of studies performed at the Jackson Laboratory examining lifespan and healthspan phenotypes across 31 inbred laboratory strains of mice, in which mice were phenotyped at 6 months (young), 12 months (middle-aged), and > 18 months (old) (Ackert-Bicknell et al., 2015) .
A specific example of the importance of multiple age-points from the dental health literature is provided by Shaik-Dasthagirisaheb et al. (Shaik-Dasthagirisaheb & Kantarci, 2010) , who showed that when comparing 2-month-old and 1-year-old mice, there is no significant difference in production of IL-6 and TNF-α in bone marrow-derived macrophages challenged with Porphyromonas gingivalis, a keystone periodontal pathogen; however, when a third age-group is added at 2 years of age, a significant difference is observed. In another study, we recently published that alveolar bone levels decline only a very slight amount in C57BL6/ JNia mice between 2 and 3 months of age and 9-10 months of age; however, by 22-24 months, a substantial decline in alveolar bone levels has occurred . These data are consistent with a prior study by Liang et al. (Liang et al., 2010) who showed loss of alveolar bone in 18-month-old mice compared to 2-month-old mice. A simple pairwise comparison of 2-month-old mice to 9-10-month-old mice would not have uncovered this large age-related decline in alveolar bone, however.
We recognize that comparison of three different age groups may not be feasible in every study and that important information can be obtained from pairwise comparisons of young and old mice, as long as the aged mice are truly biologically old (> 18 months of age). In such cases, interpretation should be tempered by the limited number of age groups spanned, however, and even with three age groups, it may not be possible to detect all of the relevant age-related changes or to accurately model the kinetics of such changes. In every case, the biological age of the animals (Fig. 3) should be considered, especially when extrapolating results for potential implications for human oral health and medicine.
Choice of strain background There is currently little consensus in the geroscience field as to what the best genetic background is for studies of aging biology in mice. Currently, the most commonly used strain backgrounds for aging studies are C57BL/6J and C57BL/ 6JNia (note that these are not identical) (Mekada et al., 2009; Simon et al., 2013) . This is due in part to the widespread use of these strains in biomedical research and the fact that the NIA has provided aged C57BL/ 6JNia animals to the research community for many years though the NIA Aged Rodent Colony. More recently, genetically heterogeneous UMHET3 mice have become a Bgold standard^of sorts for lifespan studies, due to their exclusive use in the NIA Interventions Testing Program (Miller et al., 2007; Nadon et al., 2008) .
While there is no Bright^choice of strain background, it is important to keep in mind that different mouse strains do differ somewhat in lifespan and disease burden. Some strains, for example, are particularly prone to certain forms of cancer. For example, Balb/C mice have a 44% incidence rate of lymphoma at 13 months of age, while SJL/J mice have a 91% incidence rate of reticulum cell sarcoma at the same age (Altman & Dorothy, 1979) . With respect to longevity, there are wide ranges among mouse strains for both median and maximum lifespan and interesting sexual dimorphisms that can go both directions. For example, BALB/cBY median lifespan for males has been reported as 707 and 757 days for females, while C57BL/6J median lifespan has been reported as 901 days for males and 866 days for females, but these values also vary from study to study (Altman & Dorothy, 1979; Yuan et al., 2009) . In another study of 31 inbred mouse strains, median lifespan ranged from 251 to 964 days across the different strains, with correspondingly high variance in a variety of age-associated phenotypic measures (Yuan et al., 2009) . The Jackson Laboratory Mouse Phenome Database contains a large number of age-related measures for many different mouse strains and can be a useful resource when designing studies of aging biology in mice (Bogue et al., 2016) .
Additional animal models While rodents will undoubtedly continue to serve as the premier pre-clinical models for geroscience and dental health research, companion animals may offer a powerful additional model for understanding the factors and mechanisms that contribute to human age-associated disease. Pet dogs, in particular, are emerging as a premier model for geroscience Fig. 3 Mouse age is an important consideration when modeling human age-associated disease. A typical survival curve for C57BL/6JNia mice maintained in the laboratory (adapted from 42). A mouse is mostly developmentally mature and can be considered a young adult by about 6 months of age. Most geroscience studies would not consider a mouse to be old until 18-24 months of age. A rough comparison of human age ranges is shown for different mouse ages. When studying or modeling a disease process that is most prevalent in elderly people, it is strongly recommended that older mice be used, in order to recapitulate the contributions of physiological changes that only occur in an aged animal research (Kaeberlein, 2016; Creevy et al., 2016; Urfer et al., 2017b) . Several factors make companion dogs a powerful animal model for understanding age-related diseases, including their accelerated rates of aging (compared to people), their unique genetic architecture, and the wealth of clinical veterinary knowledge and expertise . In addition, companion dogs display a high prevalence of oral diseases (Albuquerque et al., 2012) , which makes them a suitable model to study the relationship between oral health and aging. It is additionally worth noting that while dogs and mice are approximately equally evolutionarily distant from humans, companion dogs share many aspects of the human environment. This environmental variation and similarity to humans is impossible to recapitulate in a captive animal model.
In the dental research fields, such as in the field of periodontics, dogs, especially captive beagle dogs, have been extensively utilized to elucidate mechanisms of periodontal disease due to their similarity to human periodontal tissues and tooth sizes. Although differences exist, such as not having occlusal contacts in the premolar teeth or open contacts between the teeth, the prevalence of gingivitis and periodontitis increases in severity with age in dogs even faster than in humans with similar etiologic factors (Struillou et al., 2010) . Studies in beagle dogs have shown that during a plaque-induced model, beagle dogs develop calculus, have loss of attachment or periodontal tissue breakdown, and bone loss (Lindhe et al., 1975; Sorensen et al., 1980; Aukhil et al., 1988) . Experimental periodontitis induced by ligatures in beagle dogs has revealed osteoclasts appearing during later stages of inflammation (Shibutani et al., 1997) and that IL-11 is capable of slowing the progression of attachment and bone loss (Martuscelli et al., 2000) . Although these studies, as well as many others not discussed here, have provided useful information to the field of periodontics, considering the lifespan of beagle dogs to be 11-12 years, with 10% survival age about 16 years (Albert et al., 1994) , the majority of these studies suffer from the same limitations of those described above in mice, in that they have been performed on young animals.
In addition to dogs, non-human primates like Macaca nemestrina have served as a model for studies for periodontal disease to investigate periodontal microbial-host interactions, as they harbor similar periodontal pathogens and exhibit clinical hallmarks of periodontitis comparable to humans (Struillou et al., 2010; Persson et al., 1993) . Further, non-human primates have also served an important role in geroscience research, most notably for long-term studies of caloric restriction in captive rhesus monkeys (Colman et al., 2009; Colman et al., 2014; Mattison et al., 2012) . In addition to the many challenges associated with longterm captive studies in M. nemestrina and rhesus monkeys, these types of studies are also extremely expensive and difficult to replicate due to the long life spans (> 30 years on average) of these animals. More recently, shorter-lived marmosets have emerged as a potentially important non-human primate model in geroscience (Tardif et al., 2011; Salmon, 2016) , and it would be of high interest to better understand on how the oral health of marmosets changes during aging.
Conclusion
Geroscience research has progressed rapidly in the past few years, and there is growing recognition that most major diseases are interconnected through the biology of aging (Kaeberlein, 2017) . Historically, NIH-funded geroscience has been primarily supported through the NIA. Recently, the National Institute of Dental and Craniofacial Research (NIDCR) has also begun to promote collaborations to improve the oral health of older adults living the USA by Baddressing knowledge gaps in the etiology and management of dental, oral and craniofacial diseases associated with aging.^This represents an important opportunity to better understand the role of aging biology in oral health and disease. Here, we have attempted to provide some insights from the geroscience field to facilitate oral health studies, primarily in rodent models. We hope that these suggestions will stimulate further discussion and help our colleagues to design more informative experiments such that the conclusions may translate more reliably to age-associated oral diseases in people.
